The double differential cross sections of neutron production from thin C, Al, Cu, and Pb targets bombarded by 135 MeV/nucleon He, C, and Ne ions and by 95 MeV/nucleon Ar ion were measured using the RIKEN Ring Cyclotron of the Institute of Physical and Chemical Research, Japan. The neutron energy spectra at 0°, 15°, 30°, 50°, 80°, and 110°were obtained by using the time-of-flight method. The neutron spectra in the forward direction have a sharp peak that is located at the incident particle energy per nucleon due to the knockon process, and spreads out to about three times the incident particle energy per nucleon. The resultant spectra were integrated over energy to produce neutron angular distributions. The total neutron production cross sections were obtained by integrating over the angular distributions. The experimental results are compared with calculations using the intranuclear cascade-evaporation Monte Carlo code HIC and the quantum molecular dynamics code QMD.
I. INTRODUCTION
Recently, high-energy heavy ions have been used in various fields of nuclear physics, material physics, and medical application, especially cancer therapy. At the National Institute of Radiological Sciences in Japan, the Heavy Ion Medical Accelerator in Chiba ͑HIMAC͒ has been used for heavy ion cancer therapy, as has the Gesellschaft für Schwer Ionen in Germany. Construction of other heavy ion accelerator facilities for therapy has been started or are planned. Several institutes worldwide have started or are planning to build radioactive isotope beam facilities for investigating exotic nuclei, nuclear synthesis, and so forth. The Institute of Physical and Chemical Research, RIKEN, has also started to build a radioactive isotope beam facility using two cyclotrons.
To design these facilities, radiation shielding is essentially important to protect workers and nearby inhabitants from exposure to penetrating neutrons produced by high-energy heavy ions. Data on the double differential cross sections ͑DDX͒ in energy and angle, DDX of secondary neutrons from a thin target, and the data on the double differential neutron production yield from a thick ͑stopping-length͒ target, TTY ͑thick target neutron yield͒ are indispensable to estimate source terms for the accelerator shielding design. Data are useful also to calculate the dose delivered inside the patient by secondary neutrons produced during heavy ion irradiation. These measurements are also required to provide some insight into the nature of the neutron spectra produced by interactions of high-energy heavy ions ͑Zу3, referred to as HZE particles͒ present in galactic cosmic rays ͑GCR͒ with shielding materials used to protect humans engaged in longterm space mission outside the geomagnetosphere. Because there are essentially no free neutrons in the primary GCR spectrum, the only significant source of neutrons is from interactions of the primary GCR with shielding materials. For TTY some experiments have been done with He, C, and Nb ions ͓1-3͔. Our group has carried out a series of systematic experiments with 100-800 MeV/nucleon ions of He to Xe using the HIMAC ͓4 -6͔. For thin target neutron yields, there exist only a few published data on the DDX of neutron production for 337 MeV/nucleon Ne ions on C, Al, Cu, and U targets ͓7͔ and 790 MeV/nucleon Ne ion on Pb target ͓8͔. The DDX data are also useful for investigating the accuracy of the heavy ion nuclear reaction models in various transport codes.
Under these circumstances, we have performed a series of systematic studies to measure the double-differential neutron production cross sections by heavy ions for energies from about 100 to 800 MeV/nucleon. Here, in this study, we present the measured DDX data from thin targets of C, Al, Cu, and Pb bombarded by 135 MeV/nucleon He, C, and Ne ions and by 95 MeV/nucleon Ar ion using the RIKEN Ring Cyclotron at the Institute of Physical and Chemical Research, Japan. The measured spectra are compared with calculated spectra using the two heavy-ion Monte Carlo codes based on an internuclear-cascade and evaporation model ͑HIC͒ ͓9͔ and a quantum molecular dynamics model ͑QMD͒ ͓10,11͔.
II. EXPERIMENTAL PROCEDURE

A. Experimental arrangement
The measurements were carried out at the RIKEN Ring Cyclotron. A schematic view of the experimental setup is shown in Fig. 1 . The neutron-producing targets of C, Al, Cu, and Pb are set in a scattering chamber. The incident particles that penetrate the targets are bent towards the beam dump by a dipole-magnet through the PQ1 and PQ2 quadrupole magnets. Neutrons produced in the forward direction, from the target, reach the neutron measurement area after passing through a 3-cm-thick acrylic vacuum window at the end of a beam pipe and a collimator of 120-cm-thick iron with a hole of 22ϫ22 cm 2 . The collimator is surrounded with concrete blocks of 240 cm thickness to shield the spurious neutrons coming from the beam dump. The NE213 liquid scintillator ͑12.7 cm diameter by 12.7 cm thick͒, which was designed to expand the dynamic range of output pulses for high-energy neutron measurements, was used as the E counter. The NE102A plastic scintillator ͑15ϫ15 cm 2 square and 0.5 cm thick͒, used as the ⌬E counter, was placed in front of the E counter to discriminate charged particles from noncharged particles, neutrons, and photons. The neutron energy was measured by the time-of-flight ͑TOF͒ method using the E counter that was placed on the neutron beam line at 847 cm from the target. The rf signal of the cyclotron was used as the stop signal for the TOF measurement. The repetition period of the incident beam from the cyclotron was extended to about 1 msec by using a beam chopper to avoid the contamination of lower energy neutrons in the peak neutron region of the neutron-flight-time distribution. The direction of the incident beam was rotated around the target from 0°to 110°u sing the beam swinger, in order to measure the energyangular distribution of neutrons produced from the target. The measurements were carried out at 0°, 15°, 30°, 50°, 80°, and 110°for 135 MeV/nucleon He, C, and Ne projectiles, and at 0°, 30°, 50°, 80°, and 110°for 95 MeV/nucleon Ar projectile. For geometrical difficulty, we could not use the shadow shield for background subtraction, but the rather extensive shielding provided by the dipole magnet and the neutron collimator shown in Fig. 1 could be expected to prevent the spurious neutrons entering the neutron detector. Furthermore, by measuring the blank target ͑no target͒ at each angle simultaneously, the background neutron components from the room scattering could be sufficiently estimated. The number of beam particles incident on the target was measured with a current integrator coupled to a beam dump after passing through the target.
B. Target dimensions
Target materials are 1 mm of C ͑2.16 g/cm 3 ͒, 0.6 mm of Al ͑2.70 g/cm 3 ͒, 0.3 mm of Cu ͑8.92 g/cm 3 ͒, and 0.3 mm of Pb ͑11.34 g/cm 3 ͒ for covering the wide range of target atomic number and mass. Each target is a 2ϫ2 cm 2 square. To obtain the neutron production cross sections from the hydrogen target, we further measured the data for a polyethylene target at 0°. Then, by subtracting the data for carbon from the data for polyethylene, we can estimate the data for hydrogen. The energy losses of the incident heavy ions in the targets are given in Table I .
C. Data acquisition electronics
A simplified schematic diagram of the electronics is shown in Fig. 2 . The anode signal from the E counter was split into three pulses. One signal was fed to a CFD to produce the start signal for the TDC and the gate of the ADC.
Two E counter signals were sent through different delay cables to two ADC channels to measure the total and slow light components for neutron-photon discrimination. The anode signal from each ⌬E counter was also fed to the ADC to get pulse-height data. The rf signal of the cyclotron was used as the stop signal for the TDC. It was necessary to inhibit the gate pulse of the ADC and the start pulse of the TDC while the computer was busy. Thus a computer-busy pulse was started by the CFD logic pulse of the NE213 and stopped by the 16-bit output generated by the computer immediately after the ADC clear was put into common inhibit of the coincidence logic to block the gate pulse of ADC. These digital data from the CAMAC system were recorded event by event on a 3.5-inch magneto-optical disk by a personal computer using the Kakuken On-line Data Acquisition System ͑KODAQ͒ ͓12͔.
III. DATA ANALYSIS
A. Conversion to energy spectra
To eliminate charged particles, we used two-dimensional ⌬E-E graphical plots. As the ⌬E counter does not scintillate by neutrons and ␥ rays, the neutron and ␥-ray events could be selected from the charged-particle events. After this discrimination, the neutron and ␥-ray events were separated by using two-dimensional total-slow pulse height graphical plots. By using this plot, we could clearly separate the contributions from neutrons and ␥ rays. After the experimental run, each E counter was calibrated with a 60 Co ␥-ray source, and the Compton edge in the ␥-ray spectrum was used as the bias point ͑1.15 MeV electron-equivalent͒. After obtaining the TOF spectrum of neutrons, it was converted into the energy spectrum of neutrons. For this conversion, the detection 
B. Energy resolution
For measurements of neutron energies by the TOF method, the relative energy resolution is given by the following expression:
Here, E is the neutron kinetic energy, M the neutron rest mass, ⌬t the overall time resolution, and t the neutron flight time. The sources contributing to ⌬t are ͑1͒ the intrinsic time resolution of the neutron detectors, ͑2͒ the time spread in the production of neutrons arising from the finite target thickness, ͑3͒ the time dispersion arising from the incident beam energy spread, and ͑4͒ the time spread resulting from the finite thickness of the neutron detectors. These four timeuncertainty components are not all normally distributed and must be numerically estimated. The uncertainties ͑2͒ and ͑3͒ are negligible for this experiment. Thus, we approximated ⌬t as FIG. 3 . Neutron production cross sections for 135 MeV/nucleon HeϩC, Al, Cu, and Pb collisions at 0°-110°. The angles are 0°, 15 (ϫ10 Ϫ1 )°, 30(ϫ10 Ϫ2 )°, 50(ϫ10 Ϫ3 )°, 80(ϫ10 Ϫ4 )°, and 110(ϫ10 Ϫ5 )°from the top of the spectra. The data are shown using the symbols indicated in the plots. The solid lines are from the calculations using QMD. The dashed lines are from the calculations using HIC.
where ⌬ is the time dispersion of the neutron detector, ⌬x the effective thickness of the neutron detector ͑6.35 cm͒, and v the velocity of the neutron. The assumption in Eq. ͑3͒, that the time spread resulting from the detector thickness is a Gaussian distribution with a full width at half maximum ͑FWHM͒ equal to ⌬x, overestimates the actual ⌬t. The time dispersion ⌬ is taken as the FWHM of the prompt ␥-ray peak observed in each neutron TOF spectrum, and the observed width of the prompt peak in the time spectra is 1.1 ns. The energy resolutions of the measured neutron spectra are about 3% for neutrons having energies near 100 MeV.
C. Uncertainties and corrections
The experimental uncertainties are divided into statistical uncertainties and normalization uncertainties. The statistical uncertainties vary from 2 to 5% for the low-to mediumenergy ͑about 10-100 MeV͒ region of the spectra and increase to about 30% at the highest energies. In order to determine room-scattered backgrounds, two measurements with and without the target ͑the blank target͒ are performed at the same angles. From the differences of these two spectra, the background components were found to be less than 10%. The normalization uncertainty in the number of beam particles incident on the target measured with a current integrator is estimated to be less than 5%. The uncertainty in the solid angle is dominated by the uncertainty in the flight path length of a neutron detected in the 12.7 cm diameter by 12.7-cm-long neutron counter. The resulting uncertainty in the solid angle is less than 2%. The uncertainty in the calculated detection efficiencies is estimated by Nakao et al. to be about 16% from a comparison with several measurements of neutron detection efficiencies ͓13͔. The total normalization uncertainty is then within 17%. 
IV. EXPERIMENTAL RESULTS
A. Double differential neutron production cross sections
Measured neutron spectra for C, Al, Cu, and Pb targets bombarded by 135 MeV/nucleon He, C, Ne ions and by 95 MeV/nucleon Ar ions are shown in Figs. 3-6 , respectively, in units of mb MeV Ϫ1 sr
Ϫ1
. The lower limits of the neutron spectra are about 10 MeV.
These experimental spectra in the forward direction have a peak near the projectile energy per nucleon. This peak becomes more prominent for lighter targets and for larger projectile masses. This indicates that these high-energy neutron components are produced in the forward direction by the knockon and breakup processes due to quasi-free-elastic collision of the target and projectile nucleons and the momentum transfers from projectile to target nuclei are higher for lighter nuclei than for heavier nuclei.
It is already well known that the neutron spectra have two components: The one below about 10 MeV corresponds to neutrons produced isotropically in the center-of-mass system mainly by the equilibrium process; the other above about 10 MeV corresponds to those produced by the preequilibrium process. Here in this study, the evaporation neutrons from the equilibrium state are not clearly seen owing to the high threshold of 10 MeV. Since the neutron emission in the preequilibrium process is forward peaked, the neutron spectra become softer at large emission angles as seen in these figures. As the target mass becomes heavier, the fraction of medium-energy neutrons below several tens MeV increases due to the increase in preequilibrium and equilibrium neutron emissions. The high-energy neutrons in the forward direction are produced with energies up to about three times higher than the incident particle energy per nucleon, i.e., about 400 MeV for 135 MeV/nucleon and 300 MeV for 95 MeV/nucleon ions. To explain the emission process for this high-energy neutron component, we also measured the neutrons produced at 0°from the polyethylene target by 135 MeV/nucleon He projectiles. The chemical composition of polyethylene is CH 2 , so the DDX data for hydrogen target can be approximately obtained by subtracting the neutron spectra of the carbon target from those of the polyethylene target. The resultant neutron spectrum of the hydrogen target is shown in Fig. 7 . The high-energy neutron components of hydrogen target thus obtained reach energies around 270 MeV that are about twice the incident particle energy per nucleon. It is likely that these neutrons are not produced from the target, but are produced from the projectile. The following may provide an explanation of this high-energy neutron production from the hydrogen target. The projectile nucleus is highly excited through a direct collision with some nucleons moving in the target nucleus to produce the projectilelike fragments. The high-energy neutrons are produced from these excited projectilelike fragments ͓6͔. The maximum velocity of the neutrons produced from the excited projectilelike fragments is roughly expressed by the following form:
where E 0 is the incident energy per nucleon and E F is the Fermi energy. When the Fermi energy is assumed to be 30 MeV, the maximum energy of a nucleon in the projectile can be estimated at about 290 MeV which is about twice the incident particle energy per nucleon. The high-energy tails for neutrons produced from C and CH 2 targets are higher than those produced by hydrogen target. These high-energy neutrons may not be produced by collisions between the target nucleon and projectile nucleon; instead they may be produced by collisions between a neutron in the target and a cluster in the projectile. 
B. Angular distribution
The neutron production cross sections integrated over energies above 20 MeV are shown in Fig. 8 for each emission angle. As projectile mass increases, the angular distribution is more forward peaked in the region from 0°to 15°where knockon and breakup processes are dominant. For angles greater than 15°the angular distribution has almost the same slope independent of the projectile mass. As the target and projectile masses increase, the cross sections become larger.
Heilbronn et al. reported ͓3͔ that the angular distribution of thick target neutron yields above 20 MeV can be fitted by two exponentials of the form yϭa 1 exp͑Ϫ/a 2 ͒ϩa 3 exp͑Ϫ/a 4 ͒, ͑5͒
where a 1 , a 2 , a 3 , and a 4 are fit parameters and y is the neutron production cross section per steradian. Qualitatively, the two exponentials represent the separate contributions to the angular distributions from projectilelike neutrons and neutrons from the decay in the overlap region. We also used this formula to analyze our angular distribution cross section data. Table II shows the fit parameters for all systems where the angle is expressed in degrees. The contribution from forward-focused neutrons ͓a 1 exp(Ϫ/a 2 )͔ shows a rapid de- FIG. 7 . Neutron spectra at 0°for polyethylene (CH 2 ), carbon ͑C͒, and hydrogen ͑H͒ targets. The neutron spectrum for hydrogen target was obtained from the spectrum difference between the former two targets ͑see text͒. crease with increasing laboratory angle. The value of a 1 increases with the mass number of the target and the square of the mass number of the projectile ͓shown in Figs. 9͑a͒ and 9͑b͔͒. The slope parameter a 2 decreases when the mass number of the projectile increases as shown in Fig. 10 . It is assumed that the forward-focused neutrons come primarily from the knockon collisions and the breakup of the projectile remnant. The slope parameter a 4 of the decay components ͓a 3 exp(Ϫ/a 4 )͔ decreases when the mass number of the projectile increases as shown in Fig. 11 . The value of a 3 increases with the mass number of the target and the square of the mass number of the projectile ͓shown in Figs. 12͑a͒ and 12͑b͔͒. It is also assumed that the decay components come primarily from the equilibrium and preequilibrium processes. The decrease in the slope parameters a 2 and a 4 , with the projectile mass number, increases the forwardness of neutron emission as seen in Fig. 8 . This may imply that the target can obtain a larger excitation energy from higher total kinetic energy of a projectile nucleus with a larger mass number. The total neutron production cross sections above 20 MeV were obtained by integrating over a hemisphere from 0°to 90°and a sphere from 0°to 180°, respectively, as shown in Figs. 13 and 14 as a function of target mass number. The total neutron production cross sections become larger with increasing target mass and projectile mass as seen in Figs. 13 and 14. These dependences of the total neutron production cross sections above 20 MeV can be expressed in the following formula, independent of the projectile energy:
where Eq. ͑6͒ holds for the 0°-90°case and Eq. ͑7͒ for the 0°-180°case and where A p and A t are the mass numbers of the projectile and the target and N p is the neutron number of the projectile.
Ϫb 0 ) 2 ͔ is related to the geometrical total reaction cross section ͓15͔ and b 0 is the overlap or transparency parameter given by Sihver et al. ͓16͔ . The calculated results using Eq. ͑6͒ and Eq. ͑7͒ are plotted in Figs. 13 and 14, respectively, and give good agreement with the experimental results to within 35%, except for the 135 MeV/ nucleon He projectile.
V. COMPARISON WITH CALCULATIONS USING THE HIC AND QMD CODES
These experimental results were compared with calculations using the HIC and QMD codes. The HIC code is a Monte Carlo code that calculates continuum state transitions between a projectile and a target in heavy-ion reactions mainly at energies above 50 MeV/nucleon. The assumption in the model is that the reaction can be represented by the interaction of two Fermi gases of nucleons that pass through each other. In this code, the intranuclear-cascade and evaporation model is used. The cross section is given by the average value of the forward and the backward reaction cross sections. The forward reaction is calculated under the condition that an incident particle collides with a target particle at rest, while the backward reaction, the so-called the inverse reac- tion, occurs when a target particle collides with an incident particle at rest. This forward-backward method predicts that the emerging fragment energy may be higher than the incident particle energy per nucleon. The QMD code calculates not only heavy-ion reactions but also proton-induced reactions in the energy range from several 10 MeV up to 3 GeV per nucleon. This code takes into account relativistic kinematics and relativistic correction for the effective interaction, and calculates the DDX between projectile and target in heavy-ion reactions.
The calculated spectra are also shown in Figs. 3-6, together with the experimental results. In order to compare with the experimental results, the calculated results are smeared with the energy resolution of the experiment, as described in Sec. III B, using a Gaussian function. The HIC and QMD calculations have some statistical errors, especially in the high-energy region, resulting from the limited number of histories.
There is a peak near the projectile energy per nucleon in the forward direction predicted by both the HIC and the QMD codes. This peak in the QMD code becomes more prominent for lighter targets. However, for the HIC code, the peak has almost the same shape independent of the target. The QMD code tends to underestimate the peak in the experimental spectra, and the HIC code tends to overestimate it. When the projectiles become heavier such as Ne and Ar projectiles, the peak predicted by QMD is in better agreement with the experimental spectra.
Both calculated spectra show a tendency to underestimate the several tens of MeV neutron energy region in the forward direction, especially for lighter projectiles such as He and C. The HIC and the QMD codes show a tendency to underestimate the high-energy neutron components in the forward direction beyond the peak. However, both calculated spectra agree relatively well with the experimental spectra with increasing projectile mass.
At large angles, both calculated spectra are in agreement with the experimental spectra although QMD appears to be slightly better. However, HIC cannot reproduce the experimental spectra for the heavy targets such as Cu and Pb. As the projectile becomes heavier, calculated spectra from QMD are in better agreement with the experimental spectra.
Both the QMD and HIC codes reproduce the general features of the experimental data, although they are not very quantitatively accurate. In general, the QMD code gives better agreement with experimental results, especially for a heavy target and for a heavy projectile than does HIC.
VI. CONCLUSION
We measured the double differential cross sections of neutron production from thin C, Al, Cu, and Pb targets bombarded by 135 MeV/nucleon He, C, and Ne ions and by 95 MeV/nucleon Ar ions. The neutron spectra in the forward direction have a peak that is located near the incident particle energy per nucleon due to the knockon and the breakup processes and extends out to about three times the projectile energy per nucleon. These high-energy neutron components in the forward direction may be produced by a cluster effect in the projectile. The experimental results were compared with the calculations using the QMD and the HIC codes. These calculated results generally agree with the measured spectra at large angles and for heavier targets and heavier projectiles. The QMD calculations give better agreement with the measured spectra than do the HIC calculations. We found that the total neutron production cross sections above 20 MeV, integrated over a hemisphere from 0°to 90°and a sphere from 0°to 180°, can be well represented in terms of a geometric cross section, the target mass number, and the projectile neutron number.
These experimental results will be useful as benchmark data for investigating the accuracy of the heavy-ion reaction models used in Monte Carlo codes. These data are also important as basic data for the shielding design of heavy-ion accelerator facilities and for space radiation effects.
FIG. 14. Total neutron production cross sections above 20 MeV integrated from 0°to 180°. Calculated curves are obtained using Eq. ͑7͒ in the text.
